Sub-ionospheric radio-wave data from an AARDDVARK receiver located in Churchill, Canada, is analysed to determine the characteristics of electron precipitation into the atmosphere over the range 3<L<7. The study advances previous work by combining signals from two US transmitters from 20 July -20 August 2010, allowing error estimates of derived electron precipitation fluxes to be calculated, including the application of time-varying electron energy spectral gradients. Electron precipitation observations from the NOAA POES satellites, and a ground-based riometer provide inter-comparison, and context, for the AARDDVARK measurements. AARDDVARK radiowave propagation data showed responses suggesting energetic electron precipitation from the outer radiation belt starting 27
omnidirectional measurements made from a dome detector which is mounted parallel to the 0º detectors. The detectors pointing in the 0º and 90º directions are ±15º wide, while the omnidirectional dome detectors (termed "omni") are ±60º wide. Modeling has been used to determine the radiation-belt populations monitored by the telescopes [Rodger et al., 2010a [Rodger et al., , 2010b . For the L-shells that we consider the 90º-detector appears to primarily respond to trapped electrons, and hence we will refer to it as the "trapped detector". In contrast, the 0º-detector views inside the bounce loss cone (BLC), and is measuring some fraction of the precipitating electron population. Hence we will refer to it as the "precipitating detector". In Figure 3 we show the >30 keV POES trapped (upper panel) and precipitating (lower panel) electron fluxes as a function of L-shell during the study period. The proton contamination has been removed using the algorithm given in Appendix A of Lam et al. [2010] , which has been described in more detail in a recent NOAA Technical Report [Green et al., 2013] . . The IGRF geomagnetic field model was used to compute the L-shell, and was performed by NOAA as part of the basic POES data set. Several enhancements in flux can be seen, both in the trapped and the precipitating fluxes. The precipitating fluxes range from L~5-9 during the event which starts on 27 July 2010, and from L~4-10 during the event that starts on 04 August 2010As such there is a significant zone of electron precipitation that is observed to occur on L-shells that intersect the subionospheric great circle paths from the transmitters NDK, and NAA to the AARDDVARK receiver at Churchill.
Results

Amplitude behaviour
Median amplitude variations of the NDK transmitter received at Churchill from 20 July 2010 until 23 August 2010 are shown in Figure 4 . Four separate regimes can be seen in the data, with daytime propagation conditions from 12-03 UT (06-21 LT), nighttime propagation conditions from 05-10 UT (23-04 LT), sunset from 03-05 UT (21-23 LT), and sunrise from changes, the daytime changes are still very significant in term of electron precipitation fluxes, as will be shown later in the paper. Decreases in nighttime amplitudes and increases in daytime amplitudes are consistent with the observations of storm time behavior in Clilverd et al. [2010b] . The nighttime observations in Figure 4 particularly show that electron precipitation occurs into the atmosphere monitored by this path from 27 July until about 16 August, i.e., for more than two weeks. In this dataset the period prior to the first small geomagnetic disturbance on 27 July can be considered as a "quiet-day", i.e., un-affected by electron precipitation or other D-region disturbances which affect the AARDDVARK observations. By 20 August similarly quiet conditions can also be seen. During the study period there were three very weak solar proton events (SPE) (on 3, 14 and 18 August 2010) adding to the ionization impacting on the high latitude ionosphere. The first is the energetic 
Amplitude error bars
(proton flux units or pfu) for >10 MeV protons measured at geostationary orbit.
The quiet-day diurnal variation of the NDK-Churchill amplitude for five days, 22-26 July 2010 inclusive are shown in Figure 5 . The mean (blue dot) and median (black dot, red line) quiet-day curve for NDK-Churchill is plotted, with a half hourly error bar representing a 95% confidence interval (±error) for the median. For each 30 minute period within a day's data we define our sample set as the 1 minute resolution data points within that time period. We use the central limit theorem of statistics to find the median of the amplitude values in a time period as a representative value for that period. We estimate the error of a time period by bootstrapping a 95% confidence interval for the median. A bootstrapped confidence interval for a median is found by the data set being resampled with replacement (to the same number of items as the set) a certain number of times (we used one thousand times) and the median calculated on each sample. These calculated medians are then used as a distribution to find the interval within which we are 95% confident that the true median value lies. We take the error as half of the range of the confidence interval. We also apply the same approach for determining the parameters for each time zone, such that the amplitude for the zone can be described by a single representative median value and error. In the same way, we determine these values for the quiet day curve, for both 30 min time periods and each time zone. The error in the hardware and software of the experiment itself, which we determined to be ±0.015 dB, applies to the raw data and is effectively removed by the pre-processing of data to Given the changing propagation conditions throughout the non-disturbed day we can break it into specific local time zones with individual propagation characteristics. In terms of absolute amplitude perturbation level, the nighttime shows much larger effects than either of the daytime zones, for both NDK and NAA. However, the daytime zones show similar patterns of perturbation compared with the nighttime, and respond to both of the geomagnetic disturbances. As before, the daytime error values are usually smaller than the nighttime ones, with typically ±0.07 dB compared with ±0.16 dB. Comparing the NDK nighttime perturbation variation with the NAA nighttime perturbation variation shows that NDK amplitude changes are largest during the storm period, while NAA changes peak after the storm period. In the next section we undertake to model the amplitude perturbation for nighttime and daytime as a function of electron precipitation flux, and hence convert the perturbation values observed into more meaningful measurements.
Electron precipitation flux from NDK and NAA-Churchill amplitudes
Here we use a very similar method to that described in Clilverd et al. [2010a] and updated in Rodger et al. [2012] . For completeness we summarize the technique here. The VLF wave propagation of NDK or NAA to Churchill is calculated using the Long Wave Propagation
Code [LWPC, Ferguson and Snyder, 1990] , which models VLF signal propagation from any point on Earth to any other point. The upper boundary condition, provided by the D-region electron density altitude-profile, is often expressed through a Wait ionosphere. The electron number density (i.e., electrons per m 3 ), N e , increases exponentially with altitude z, and is defined in terms of a sharpness parameter β and a reference height h' [Wait and Spies, 1964] .
To model the perturbation we assume that the whole path is affected by excess ionization in ©2014 American Geophysical Union. All rights reserved.
the energy range 10 keV -3 MeV which is inputted into an underlying "ambient" ionosphere. The background neutral atmosphere is calculated using the NRLMSISE-00 neutral atmospheric model [Picone et al., 2002] . We then use a model to describe the balance of electron number density in the lower ionosphere, based on that given by Rodger et al. [1998] and updated in Rodger et al. [2007] and Rodger et al. [2012] . In this model the evolution of the electron density in time is governed by the equation In addition to the background ionization we also calculate the excess ionization generated by electron precipitation. The ionization rate due to precipitating energetic electrons is calculated by an application of the expressions in Rees [1989] , expanded to higher energies based on Goldberg and Jackman [1984] . The equations used are fully specified in section 2.2 of Rodger et al., [2002] and are thus not reproduced in detail here. We assume a spectral gradient varying with a power law scaling exponent (which we describe using the parameter k)., and thus the electron flux (F) is related to the electron energy (E) by a power law. This assumption is supported by the analysis of Whittaker et al., [2012] which showed that for electron precipitation energies >70 keV power-law gradients were a more accurate description of the energy spectrum than either e-folding or kappa-type fits.
).
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The electron number density profiles determined for varying precipitation flux magnitudes and varying k are used as input to the LWPC subionospheric propagation model, thus modeling the perturbation of NDK received at Churchill. Similar analysis is done for NAA received at Churchill. August the perturbation levels are very similar for both transmitters. In both periods the perturbations are large (~5 dB).
On the right hand side of Figure 8 , the daytime period is shown. The daytime NDK perturbations from 27 July -07 August 2010 are slightly larger than those of NAA. After 07
August the daytime NAA perturbations are initially similar to NDK, and then substantially larger than NDK. As described above, the daytime perturbation data are made up of an average of zone V and zone VI values, in order to compensate for transmitter off periods which typically occur once a week, in zone V.
The lower panels of Figure 8 provide an example of how the calculated amplitude perturbation of NDK (solid line) and NAA (dashed line) varies as the >30 keV electron precipitation flux increases from 10 0 -10 5 el. cm -2 s -1 sr -1 with a spectral gradient power law scaling exponent set at k=-2. This k=-2 value was used in Clilverd et al. [2010a] , but in that paper it was noted that it could vary by ±1, and we take that variation into account further in this analysis. The left hand panel shows the amplitude variation for nighttime propagation ©2014 American Geophysical Union. All rights reserved. The daytime perturbations observed on NDK are also found to be slightly larger than those on NAA in the period 27-July-07 August 2010 (~2 dB for NDK c.f. ~1 dB for NAA). The daytime calculations for k=-2 (lower right hand panel) suggest that the observations from both transmitters can be explained by a >30 keV electron precipitation flux of 10 in order to reproduce these observations. Thus during the period 27 July -07 August 2010 the nighttime precipitation fluxes appear to be slightly lower than during the period after 07
August. However this interpretation would be different for non k =-2 spectra. From this simple analysis of the amplitude perturbations it is clear that an understanding of the spectral gradient is important in deriving the final fluxes. ©2014 American Geophysical Union. All rights reserved.
One parameter that strongly influences the calculated fluxes is the value of power law scaling exponent used to describe the electron precipitation energy spectrum. We can model the effect of changing the scaling component, and calculate the fluxes during the study period using the perturbation levels on each individual transmitter, as well as the relative differences.
Using the relationship between the perturbation in the amplitude of NAA and NDK it is possible to determine the spectral gradient for each time zone and for each day. By knowing the perturbation amplitude on NAA and NDK for any given time we can look up the corresponding values from the modeling resulting from different spectral gradient conditions (i.e., k=-1, -1.5, -2, -2.5, 3 etc) and assign a spectral value to that time.
By combining the perturbation levels in NAA and NDK received at Churchill, with the LWPC modeling results, we are able to determine the electron precipitation fluxes for In a significant proportion of the study period the POES fluxes appear to be close to the lower sensitivity limit of the BLC instrument, i.e., ~10 2 el. cm -2 s -1 sr -1 for the BLC detector, and ~10 3 el. cm -2 s -1 sr -1 for the geometric means. The AARDDVARK fluxes exhibit a variation of 6 orders of magnitude over the study period, while the BLC fluxes show 4 orders of magnitude, and the geometric mean fluxes only 3. Primarily, the smaller ranges exhibited by the POES fluxes is due to the background level sensitivity limit, and in practice the fluxes could be anything at or below that level. This suggests that while Hargreaves et al. [2010] and Rodger et al. [2013] indicate that the geometric mean works well to describe the peak energetic electron precipitation fluxes for events occurring above Kilpisjarvi, Figure 9 suggests it does not work well during geomagnetically quiet periods .
During the small geomagnetic disturbance of 27
Comparison with precipitating electron flux estimates from riometer data
July 2010 the POES >30 keV BLC fluxes are higher than the equivalent AARDDVARK fluxes, and during the main phase of the large disturbance (03-05 August) the fluxes are similar. However, following the large geomagnetic disturbance there are occasions where the AARDDVARK fluxes are higher than the POES BLC fluxes, as shown in the middle panel of Figure 9 , occurring on 6, 9, 10, and 13 August.
Because the AARDDVARK technique is dependent on obliquely propagating subionospheric VLF waves it is sensitive to the lowest significant altitude of ionization, which is typically generated by the highest electron precipitation energies present with significant flux levels. Thus we could assume that when the AARDDVARK fluxes exceed the POES BLC fluxes, high energy precipitation is taking place in significant amounts. In order to test this hypothesis we plot the POES relativistic BLC flux estimate from the P6 detector in the lower panel of Figure 9 . The P6 detector typically responds to >700 keV electrons when solar protons are not present [Yando et al, 2011] . We only show data from this channel when there is no significant solar proton flux detected by the P5 and P7 detectors onboard the same POES satellites. P5 and P7 do not indicate significant solar proton flux during the time period considered. The variation of the >700 keV 3<L<7
BLC fluxes during the study period lend some support to our hypothesis, as elevated relativistic electron precipitation fluxes occur when the AARDDVARK flux estimates are higher than expected. The lower panel also shows the POES >300 keV electron precipitation flux, and confirms that the >700 keV fluxes are being generated by a process that has a different temporal variation.
A riometer is typically sensitive to electron precipitation in the range 30-300 keV [Rodger et al., 2012] , and thus should correspond to POES >30 keV fluxes, and should show agreement with the >30 keV fluxes derived from the AARDDVARK observations. The upper ©2014 American Geophysical Union. All rights reserved.
panel of Figure 10 shows the variation of riometer absorption at Island Lake (L~5.2, location shown in Figure 1 ) plotted with 1 hour averaging. The location of the riometer site was chosen to be approximately in the middle of the propagation paths from the NDK and NAA transmitters to the Churchill receiver. The vertically pointing wide beam riometer antenna at
Island Lake effectively measures a small area of precipitation into the ionosphere, and thus might respond differently during the study period, in comparison to the path-integrated measurements of the AARDDVARK technique. Increases in absorption occur during the geomagnetic disturbances starting on 27 July, and 04 August 2010, and are consistent with the flux increases seen in POES and AARDDVARK data. However, without some idea of the electron precipitation spectrum it is difficult to calculate a precipitation flux from a single frequency riometer measurement alone. Determining the spectral gradient from the POES BLC data allows precipitation flux calculations to be made from the Island Lake riometer observations.
The middle panel of Figure 10 shows the power-law spectral gradient (k) of the electron precipitation (black) determined from the POES BLC data (>30, >100, >300 keV channels) and also that determined from the day-night averaged AARDDVARK data (red) The lower panel of Figure 10 shows the comparison between the Island Lake absorptionbased estimated electron flux >30 keV (black, dashed line with diamonds), and the AARDDVARK fluxes that were shown in the middle panel of Figure 9 (red solid line).
Calculations of flux from riometer absorption were made following the method outlined in Rodger et al. [2012] . The time variation of the riometer-based >30 keV fluxes is similar to the variation of the AARDDVARK fluxes, and also shows a similar dynamic range, i.e., ~6
orders of magnitude during the study period. Some differences in flux determined from the riometer data and the AARDDVARK data can be explained by short-lived impulsive precipitation events occurring during the AARDDVARK sunrise and sunset periods, but ©2014 American Geophysical Union. All rights reserved. rates in the BLC using POES satellites, sub-ionospheric VLF radio-wave propagation analysis using an AARDDVARK receiver, and MF cosmic noise absorption using a riometer. The overall response to electron precipitation variations for the three techniques is similar, in that they all respond to the three distinct pulses of enhanced geomagnetic activity associated with a period of enhanced solar wind. In Table 1 we summarise the assumptions, advantages and disadvantages of these three methods. At times the three techniques agree, and at times they disagree, as to the level of precipitating electron flux entering the atmosphere. Can we work out why?
We can separate the discussion into three geomagnetic activity ranges, and consider each separately below. consistently lower than POES at ~100 el cm -2 s -1 sr -1
Quiet periods (Solar Wind
Moderately disturbed periods (Solar Wind Speed>400 kms
. This is most likely to be due to the sensitivity of the POES detectors. The precipitation spectral gradient during these periods is consistently about k=0 to -1. AARDDVARK flux errors tend to be small, and are typically a factor of 0.1 during the night or day.
-1
This level of activity occurred twice during the study period, once before the main disturbance period and once after. The first moderately disturbed period from 26 July to 29
July 2010 produced elevated >30 keV electron precipitation fluxes which gradually recovered back to undisturbed levels by 01 August. POES BLC and the riometer fluxes reported essentially the same peak flux levels (~3 × 10 , 2<Kp<4, Dst>-25 nT) 3 el cm -2 s -1 sr -1 ). However, the nighttime AARDDVARK fluxes were significantly lower (~10 2 ± 10 1 el cm -2 s -1 sr -1 ) than seen by those instruments while daytime AARDDVARK fluxes were comparable with POES and the riometer overall. Based on the Summers at al. [2007] cartoon of where in MLT-L space there are waves that interact with electrons to cause electron precipitation, or the fact that substorm precipitation tends to occur at high L-shells, it might be possible that, at least during the nighttime, precipitation was only occurring outside of the plasmapause, or more generally at high L-shells, reducing the influence on the AARDDVARK data, but fully impacting the riometer at L=5.2. Additional LWPC modelling (undertaken but not shown) suggests that ©2014 American Geophysical Union. All rights reserved.
precipitation occurring on a partial path from L=4.5-7 would reduce the estimated AARDDVARK flux by a factor of ~5-10. However, this variation in precipitation flux along the path should be detected by POES as well, so the discrepancy between the two methods is unlikely to be brought about in this way.
In future studies we will attempt to address the possibility of differentiating L-shell variation in electron precipitation by using radio-wave propagation paths that are restricted to quasi-constant L-shells. The paths studied here tend to cut across L-shells, but have the advantage of being quasi-constant in MLT over the whole path at any instant, particularly the NDK to Churchill path. On the dayside, the AARDDVARK fluxes are more comparable with the POES and riometer fluxes. This suggests a more even L-shell distribution of the precipitation along the transmitter-receiver paths, possibly as a result of chorus-driven waveparticle interactions outside of the plasmapause, and plasmaspheric hiss-driven wave-particle interactions inside the plasmapause [Rodger et al., 2007; Summers et al., 2007; Bortnik et al., 2008] . The spectral gradient of the precipitation softened to k~-2 as the fluxes increased. The AARDDVARK data suggest that although initially most of the precipitation occurred on the nightside, the dayside precipitation became dominant one day into the disturbance. This is consistent with substorm activity at the very start of the disturbance, followed by an increase in precipitation caused by dayside chorus.
The second period of moderate geomagnetic activity from 09-13 August 2010 followed the main disturbance. It had similar geomagnetic characteristics to the first period of moderate activity, apart from the fact that the solar wind speed was substantially lower (~450 km s The relative levels of the >30 keV flux determined by the 3 techniques during the recovery phase, particularly on 06 August, is potentially a combination of two factors: one could be the presence of ~1 MeV electron precipitation contributing to the AARDDVARK perturbation level and not to the POES and riometer observations, the other is the effect of weak pitch angle scattering processes pushing >30 keV electrons close to the edge of the BLC, and therefore not necessarily observable by the POES BLC detectors [Kennel and Petschek, 1966; Baker et al., 1979; Rodger et al., 2013] . However if that were the case we would expect the riometer-derived >30 keV fluxes to be similar to the AARDDVARK >30 keV fluxes rather than the POES fluxes, as the ionosphere would respond to the precipitation equivalently for both techniques. In practice the data shown is consistent with the occurrence of enhanced fluxes of relativistic electrons, possibly through wave-particle acceleration processes, eventually becoming available to scatter into the atmosphere. This mechanism would explain the increase in AARDDVARK-derived fluxes during the recovery phase of the disturbance, and the lack of response in the riometer and POES >30 keV channel. Calculating the contribution of ~1 MeV electron fluxes to the AARDDVARK perturbation values, when modelling the propagation effects using a power-law spectral gradient that does not . Both day and nighttime AARDDVARK fluxes were elevated, but as with the first period of moderate activity, the initial response was seen during the nighttime, with daytime fluxes dominating after the first day of the event. AARDDVARK-derived fluxes increased each day from 03 August until 06
August, peaking during the recovery phase of the disturbance, in contrast to the POES and riometer fluxes which peaked on 04/05 August and declined rapidly thereafter. The spectral gradient of the electron precipitation softened to k~-3 as the fluxes increased, before relaxing back to k~-1 as the fluxes declined to low levels by 08 August.
necessarily describe the spectrum at relativistic energies, is a challenge which needs to be solved.
Summary
We have analysed data from an AARDDVARK receiver located in Churchill, Canada, Throughout the whole study period the AARDDVARK and POES BLC calculated powerlaw spectral energy distribution showed similar variability. The electron precipitation spectrum was found to be relatively hard (k~-0.5) at low flux levels during quiet periods, and increasingly soft at high flux (k~-4) during disturbed periods. The observed variation in the precipitation spectrum from k~0.5 to -4 and back again during the geomagnetic disturbance period is gradual and well ordered. A simple model of the variation of the power-law spectrum using the daily geomagnetic equatorial Dst index, was able to reproduce the essential features of the time series over the study period. We were also able to use the Dst index to derive a model of the daily flux of >30 keV precipitating electrons from 3<L<7. The AARDDVARK-determined precipitating electron fluxes, and the Dst-based flux model, showed about 6 orders of magnitude variations. Corresponding POES BLC >30 keV fluxes showed about 2 orders of magnitude less variation primarily due to being affected by the lower sensitivity of the MEPED in comparison with the AARDDVARK technique.
